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Abstract: This perspective paper analyzes selected policy strategies for transforming transport. It
identifies four primary objectives: enhance economic efficiency, increase equity, reduce negative
externalities, and improve the user experience (4Es). It then develops the framework of persuasion,
police, purse, and platform powers (4Ps), which are available to governments to implement change
and pursue their objectives. In a series of cases, it illustrates those powers, particularly the underap-
preciated platform powers, the formation and promulgation of standards, which are themselves the
key technology for connecting institutions, showing how the establishment of technical standards
transforms existing transport and lays the groundwork for new opportunities.
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1. Introduction

The transport sector witnessed transformative technological and social changes in the 2010s,
unmatched since the 1920s. These are often referred to as the three revolutions—automation,
sharing, and electrification [1]. Significant shifts were also observed in logistics, commuting
patterns, the rise of remote work, the dematerialization of goods, ubiquitous sensing tech-
nologies, and the advent of electric micromobility [2]. These changes are still in their infancy
but are increasing exponentially, requiring a wide range of institutional policy responses.

Institutions, defined by Huntington [3] as “stable, valued, recurring patterns of behavior”,
are pivotal in this context. This paper explores institutions both as organizations—including
governments at various levels, private firms, universities, NGOs, and standard-setting
bodies—and as practices, encompassing standards, laws, norms, regulations, documents,
and the tacit knowledge that govern the provision of transport services and innovations.

This paper identifies four primary objectives for improving transport systems: enhanc-
ing economic efficiency, increasing equity, reducing negative externalities, and improving
the user experience—termed the “4Es”. To achieve these goals, governments and insti-
tutions can deploy four types of powers: persuasion, police, purse, and platform—the
“4Ps”. While persuasion, police, and purse powers have long been central to governance,
this paper highlights the critical yet often underappreciated role of platform powers in
transforming transport systems. Platform powers enable governments to establish and
promulgate standards that connect institutions and systems, fostering interoperability,
innovation, and resilience.

Through practical examples, it populates a matrix of aims versus tools (Figure 1),
striving to deduce general principles about the effectiveness of different strategies and
the conditions for their success. This paper particularly emphasizes technological stan-
dards because they act as critical connectors among institutions, enable future innovations,
and have historically been under-addressed by mainstream transport entities.

The analysis focuses on the interaction between these organizational forms and prac-
tices, examining how they interface and how actors engage across institutional boundaries.
It aims to identify effective rules (standards, conventions, norms) that could support the
deployment of transformative transport technologies and practices. By reviewing case
studies of technical standards—such as those for transit schedules, curb usage, and traffic
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signal data—and policy measures for agency coordination, the paper identifies mechanisms
that facilitate inter-institutional collaboration.

This perspective paper aims to advance the discussion on transport governance by
illustrating the potential of the 4Ps framework to address contemporary challenges. By syn-
thesizing insights from the literature and case studies, the paper proposes a new approach
to leverage institutional powers to create more connected, equitable, and user-centered
transport systems.
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Figure 1. Aims vs. Tools, sorted by illustrative Applications (successes and failures). Each application
is contextualized by place and time, along with the associated institutions. Cases are derived from
this matrix (shown in italics). Discussion on applications for emerging transformative transport
technologies is included in the text.

2. Public Aims

Public policy frequently targets four primary objectives: economic efficiency, social
equity, reductions in externalities, and the enhancement of user experience. Collectively
referred to as the “four Es”, these goals provide a robust framework for evaluating public
initiatives [4].

Economic efficiency focuses on optimizing access—the ability of individuals to reach
people, goods, and services that are important to them [5]. Urban centers serve as hubs for
economic and social exchange, where transport networks play a pivotal role in enhancing
connectivity and reducing the friction of distance. Efficient transport systems support this
connectivity by enabling the faster, more reliable movement of people and goods.

Social equity is multifaceted and often debated, with no universal definition. It can be
understood both descriptively, in terms of the distribution of opportunities and benefits,
and normatively, in terms of fairness and justice in outcomes. Policies aimed at improving
equity can sometimes trade off with efficiency. For instance, spreading low-frequency
bus services over extensive areas may achieve spatial equity but compromise service
quality in denser regions [6]. Equity considerations often include assessing whether specific
groups—such as lower-income households—experience comparable access to jobs and
services relative to the broader population [7,8].
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Negative externalities encompass the unintended consequences of transport activities,
such as congestion, noise, increased crash risks, environmental pollution, and carbon
emissions. While these are not the goals of transport systems, they are inherent byproducts
of their operation. Addressing these externalities is critical for creating sustainable and
socially responsible transport systems.

User experience reflects the subjective perceptions and interactions individuals have
with the transport system. This includes attributes such as ride comfort, safety, and re-
liability, which are often undervalued in traditional analyses focused on time and cost
metrics [9–11]. Incorporating user experience into evaluations ensures a more holistic as-
sessment of transport initiatives.

The four Es—efficiency, equity, externalities, and experience—offer a structured ap-
proach to assessing transport policies within an access framework. From a societal per-
spective, access includes not only individual costs and times but also the broader social
costs of providing that access, including infrastructure expenditures and externalities [12].
Equity considerations extend to how access is distributed across spatial, socioeconomic,
or demographic groups. Metrics like Gini indices can capture disparities, while accessibility
measures help evaluate whether lower-income or disadvantaged groups have equitable
access to essential services [13,14].

3. Public Powers

Traditional strategies for achieving public policy objectives typically employ three
types of powers:

• Persuasion powers: These rely on exhortation and example setting, which, aside from
times of crisis, tend to have limited impact.

• Police powers: Direct regulation and enforcement shape the urban form and affect ve-
hicle technology [15,16]. However, the influence of police powers has been challenged
in recent years by emergent technologies such as Google’s automated vehicle tests
in California [17], Uber’s ridehailing services [18], and Tesla’s Autopilot system [19],
often introduced in defiance of existing regulations.

• Purse powers: Subsidy, finance, investment, contracting, and taxation, often backed by
police powers, have long been considered critical levers in policy implementation.

Standards permeate every aspect of modern life, facilitating consistent communica-
tion and operation within society [20,21]. For example, the English language serves as a
global communication standard, the QWERTY keyboard layout has endured for over a
century, and SI units [22] ensure uniformity in scientific measurement. Time zones [23],
standardized shipping containers, and adherence to traffic rules—whether driving on the
right or left side—demonstrate the ubiquity of standards. These examples highlight the
role of standards in maintaining order and interoperability across diverse systems.

• Platform powers represent an additional type of governmental influence: establishing
technological standards that govern interfaces and information exchanges across sys-
tems. These powers are particularly significant in transport, where the development
of standardized data formats, communication protocols, and operational systems un-
derpins interoperability and innovation. Governments—especially large national and
supra-national entities—possess platform powers as both producers and consumers.
These powers are as influential as persuasion, police, and purse powers in enabling
transformative societal change.

While distinctions among the 4Ps can blur, their applications and implications vary
significantly. For instance, zoning regulations [24] set performance standards, such as setbacks
from streets or street widths, to ensure operational compatibility. In contrast, technological
standards address data exchange or system interfaces, such as defining vehicle density to
maintain service levels.

The matrix in Figure 1 illustrates the interaction between public aims and tools,
providing context through illustrative applications—both successful and unsuccessful. Each
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scenario is tied to a specific time and place, underpinned by institutions (both organizations
and practices). The forthcoming discussion organizes cases by type of power: persuasion
(Section 4), police (Section 5), purse (Section 6), and platform (Section 7).

Figure 1 cross-tabulates powers against goals, suggesting that each standard addresses
specific objectives (efficiency, equity, environment, or experience). This is guided by two
economic principles:

“Achieving a multiple number of independent policy targets requires an equal
number of policy instruments.”—Jan Tinbergen [25]

“Each policy instrument should be assigned to a policy target on which it has the
greatest relative effect.”—Robert Mundell [25]

Although many strategies and standards serve multiple aims, the 4Es and 4Ps pro-
vide a general framework applicable to any policy instrument. This perspective paper
applies the 4E/4P framework across diverse transport policies, demonstrating its versatility
with a particular focus on emerging transformative transport technologies. The examples
span various contexts, including mature and emerging systems, developed and develop-
ing economies, and a range of market types, from small enterprises to large technology
producers and across both rural and urban settings.

4. Persuasion Powers

Persuasion powers are generally regarded as limited in effectiveness within the trans-
port community, often serving to satisfy political agendas rather than producing tangible
results. An illustrative case is the ‘Bike Month’ initiative in Sacramento, designed to boost
bicycle usage and enhance cyclist safety through the ‘safety in numbers’ effect. However,
Malik et al. [26] found that while the initiative temporarily increased bicycle use, it failed
to induce lasting changes. These short-term efforts stand in contrast to more enduring
programs like ‘Safe Routes to School’, which combine persuasion with police and purse
powers to alter the physical environment and consistently encourage behavioral change,
leading to more sustained impacts [27,28].

Other initiatives leveraging persuasion powers include ‘Clear the Air’ days, targeted
at mitigating air pollution by reducing travel during adverse meteorological conditions.
Studies in Salt Lake City found these efforts largely ineffective [29], echoing the outcomes
of similar programs in other regions.

Despite these challenges, persuasion tools can be impactful in specific contexts. For in-
stance, Variable Message Signs (VMSs) that alert drivers about upcoming crashes can
effectively modify travel behavior by suggesting alternative routes [30]. The success of
VMS lies in providing immediate, actionable information that benefits both the individ-
ual and society, unlike broader campaigns like ‘Clear the Air’ days, which often impose
personal costs for societal gain.

Given these observations, policymakers aiming to enhance social welfare are increas-
ingly cautious about approaches that rely solely on rhetoric without enforcement or finan-
cial incentives. Consequently, strategies often pivot toward interventions supported by
police and purse powers, which offer greater enforceability and alignment with long-term
policy objectives.

5. Police Powers

Police powers, defined as the authority granted to governments to regulate the be-
havior of travelers and organizations, are fundamental in transport. These powers, under-
pinned by the government’s monopoly on the legitimate use of force, encompass a broad
spectrum of regulations, including driving laws and vehicle ownership rules. This section
discusses two critical areas impacted by police powers: the international market in used
vehicles and parts (Section 5.1) and dockless bikesharing in China (Section 5.2).
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5.1. The International Market in Used Vehicles and Parts

The global surge in electric vehicle adoption, particularly in Europe, has raised sig-
nificant concerns about the fate of second-hand internal combustion engine (ICE) ve-
hicles. Between 2015 and 2018, the three largest exporters of used light-duty vehicles
(LDVs)—the European Union (EU), Japan, and the United States—shipped 14 million units
worldwide [31]. The EU led these exports, contributing 54% of the total, with primary
destinations in West and North Africa. Japan and the USA followed, exporting primarily to
Asia, East and Southern Africa, and the Middle East and Central America.

This trend presents substantial challenges for environmental sustainability, particularly
in mitigating pollution and CO2 emissions. Used vehicles, often built under older, less
stringent environmental regulations, tend to be less efficient and environmentally friendly
as they age. Their continued operation in regions with lax environmental standards
exacerbates pollution and negatively impacts public health. A study in the Netherlands
indicated that over 80% of vehicles exported to West African countries would fail to meet
those nations’ tightening environmental standards [32].

The trade in older vehicles also raises safety concerns due to the diminished efficacy
of aging safety features. The UNEP report advocates for stricter international regulations
on used vehicle trade to enforce environmental and safety standards [31]. However, such
measures could reduce the supply of affordable vehicles to importing nations, potentially
impacting economic activity and accessibility. Balancing environmental benefits with
economic drawbacks requires comprehensive policy analysis.

Alternative strategies leveraging purse powers include ‘cash for clunkers’ or ‘scrap-
page schemes’, which phase out older, polluting vehicles by purchasing and recycling them
rather than reintroducing them into the used vehicle market. While these programs can
reduce emissions, their effectiveness depends on accounting for the environmental costs of
manufacturing new vehicles [33].

Another pressing challenge involves the disposal and recycling of used electric ve-
hicle batteries [34]. These batteries, once no longer efficient for vehicular use, can be
repurposed for solar storage or recycled to recover valuable materials, mitigating the
environmental impact of mining. Standardizing battery sizes and vehicle-to-grid (V2G)
charging interfaces—supported by platform powers—could enhance recycling efficiency
and encourage sustainable practices.

5.2. Dockless Bikesharing in China

Bikesharing serves as both a direct mode of transport and a solution to the first/last-
mile problem, enhancing the efficiency of longer-distance public transport systems. Initially,
in the early 2010s, station-based bikesharing catered primarily to point-to-point travel,
requiring users to pick up and return bikes at designated stations.

As shown in Figure 2, the advent of smartphones, GPS technology, and affordable
batteries catalyzed the rise of dockless bikesharing in China in late 2016 [35], which then
spread globally. Dockless systems offer greater locational flexibility, serving a broader range
of user needs, particularly as a first/last-mile solution. Studies confirm that bikesharing
has bolstered public transport usage, particularly subway lines [36–38].

By 2017, Beijing alone hosted 15 bikesharing companies. Mobike’s daily usage grew
exponentially from 18,000 users in June 2016 to 979,000 by January 2017, while competitor
its Ofo expanded from 13,000 daily users to 487,000 over the same period [35]. However,
this rapid expansion led to oversupply, with Beijing hosting 2.35 million shared bikes
at its peak in September 2017, many of which went unused. In 2018, Meituan, a major
online retailer, acquired Mobike for USD 2.7 billion amidst financial struggles [39]. Today,
three major companies dominate China’s market, Hello, Qingju (under Didi), and Mobike
(under Meituan), each leveraging its own online payment system and varying in popularity
across cities.



Urban Sci. 2024, 8, 245 6 of 19

Figure 2. Shared bikes near Tongji University in Shanghai in 2017. Photo by author.

For instance, Hello reported having 10 million shared bikes and e-bikes across 400 cities,
with approximately 100 million active users in 2020, accounting for 5.1 billion bike trips at
an average cost of USD 0.17 each. One in five trips used an electric bike, contributing to
total revenue of USD 926 million in 2020 [40].

In response to the proliferation of bikesharing companies and the perceived oversup-
ply, the Beijing Municipal Government imposed regulations to reduce the total number of
bikes to around 900,000 units [41]. To enforce these regulations and maintain order, new
roles such as bike dispatchers emerged, tasked with organizing bikes around major destina-
tions. Dispatchers also manage bike distribution and maintenance, a growing operational
need since 2017 [42]. However, the reuse and recycling of shared bikes and their e-bike
batteries remains a significant challenge. E-bike batteries, in particular, face similar disposal
and recycling issues as those of electric vehicles.

The success of bikesharing strongly correlates with urban infrastructure. Chinese
cities, with their extensive network of high-quality bike lanes, provide a conducive envi-
ronment for bikesharing adoption. Conversely, cities like Sydney, which lack comparable
infrastructure, have struggled with dockless bikesharing systems [43].

The evolution of new technologies often prompts governmental regulation. Depending
on the regulatory approach—whether permissive except for prohibitions or prohibitive
except for permissions—technologies like dockless bikesharing can either thrive or be
stifled. While dockless bikes have improved urban mobility, they also present negative
externalities such as footpath congestion, which require thoughtful regulatory responses.

6. Purse Powers

Purse powers represent the financial strategies employed by governments to drive
change, often through the allocation of funding for infrastructure projects. This approach
is widely used, with subsidies for new infrastructure frequently aimed at stimulating
economic and social improvements.
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An example of purse powers in action is the implementation of road tolls. While pri-
marily a revenue-generating mechanism, tolls also integrate police powers for enforcement.
Congestion pricing is a notable application of this strategy. However, its adoption has
been limited due to political challenges. Among the few successful instances, Singapore’s
congestion pricing model stands out, attributed to its unique circumstances rather than as
a universally applicable solution [44].

A specific illustration of purse powers is the Asset Recycling initiative in Australia
(Section 6.1).

6.1. Asset Recycling in Australia

Introduced in the 2014–2015 federal budget, the Australian government’s Asset Recy-
cling Initiative Fund (ARIF) incentivized state governments and territories to privatize or
lease existing assets. The initiative aimed to reinvest proceeds from these transactions into
new infrastructure projects, with the federal government providing a 15% bonus on the sale
price to encourage participation. A budget of AUD 5 billion was allocated for this purpose.

The state of New South Wales (NSW) was a prominent participant, leasing TransGrid,
its high-voltage electricity transmission network, for 99 years at a price of AUD 10.3 billion.
The proceeds from this transaction were used to fund the Sydney Metro project.

While asset recycling generates significant immediate capital, it also poses long-term
risks as governments forgo future revenue from privatized assets, relying instead on
potential taxable income. The profitability of reinvested funds is uncertain, introducing
financial risks for the government. Moreover, concerns about transparency in privatization
deals—often classified as “Cabinet-in-Confidence” or “Commercial-in-Confidence”—have
raised questions about democratic accountability.

Additionally, simultaneous large-scale infrastructure developments can strain the
construction sector, leading to cost inflation and delays [45].

7. Platform Powers

Platform powers encompass the ability to direct long-term change by setting the rules
of the game, rather than merely participating in it. This section explores various aspects of
platform powers, such as failed standards (Section 7.1), successful standards (Section 7.2),
emerging standards (Section 7.3), and missing standards (Section 7.4). Additionally, it
examines the relationship between standards and innovation (Section 7.5).

7.1. Failure to Launch—National ITS Architecture

Platform powers encompass the ability to direct long-term change by setting the rules
of the game, as illustrated by the development of the National ITS Architecture. Post-
Cold War, the US government initiated a national industrial policy to repurpose defense
contractors’ expertise, given the reduced threat from the dissolved Soviet Union. Intelligent
Transportation Systems (ITSs) were among the projects supported, with the primary goal of
redirecting industrial capabilities and a secondary aim of improving transport. The National
ITS Architecture was established to create a standardized, interoperable framework for
intelligent transport systems nationwide. A top-down, systems-engineering approach,
inherited from defense practices, was applied to define how various components of the
transport system would interact.

One prominent demonstration of this initiative was the National Automated High-
way System Consortium’s (NAHSC) DEMO 1997 in San Diego, CA. This demonstration,
illustrated in Figure 3, showcased an Automated Highway System (AHS) on the reversible
High-Occupancy Vehicle (HOV) lanes of I-15. Specially equipped vehicles maintained
close distances (6.4 m) at high speeds without driver intervention, using vehicle-to-vehicle
(V2V) communications and in-road magnets for lane guidance. Despite its technical suc-
cess, the project was discontinued when funding was cut, leading to the disbandment of
the NAHSC.
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Figure 3. I-15 Demo of Automated Highway System, 1997. Source: National Automated Highway
Systems Consortium, California PATH.

The deployment of connected vehicles (CVs or V2X), which this technology would now
be categorized under, proved more challenging than autonomous vehicles (AVs). While
AVs and CVs share similar underlying technologies, CVs depend heavily on widespread
adoption and supporting infrastructure. This creates a significant “chicken-and-egg” prob-
lem: infrastructure investment requires a critical mass of CVs, but the vehicles’ optimal
operation relies on non-existing infrastructure.

The National ITS Architecture aimed to address these challenges by offering a compre-
hensive, top-down framework for interconnected transport systems. However, it resulted in
extensive documentation that was often ignored by those implementing advanced technolo-
gies. This approach contrasts sharply with the evolution of more successful systems, such
as the internet, which grew organically through a collaborative “Request for Comments”
process, and the US railroad system, which developed standards well into its decline in
the 1920s.

This case study underscores the fact that for standards and technologies to gain
adoption, they must deliver immediate, incremental benefits rather than relying solely
on promises of future value. The failure of the National ITS Architecture highlights the
importance of designing systems that provide tangible improvements at each stage of
deployment to sustain investment and interest.

7.2. Successful Standards

This section highlights significant successes in standardization within the transit
industry over the past decade, specifically examining transit data through General Transit
Feed Specification (GTFS) (Section 7.2.1) and bikeshare data through General Bikeshare
Feed Specification (GBFS) (Section 7.2.2).

7.2.1. Transit Data—GTFS (Experience)

The General Transit Feed Specification (GTFS) is a transformative standard that revolu-
tionized how transit agencies communicate schedules to software applications, improving
route planning for users worldwide. It originated in 2005 when Google Maps engineer
Chris Harrelson and Portland’s TriMet transit agency collaborated to format transit sched-
ules in a way that could be seamlessly integrated into Google Maps. This partnership,
initially called the Google Transit Feed Specification, set a precedent that was quickly
adopted by other cities [46,47].

GTFS initially provided a static representation of transit systems based on fixed
timetables, significantly enhancing the efficiency and user experience for transit passengers.
It filled a critical gap in the absence of a national standard for representing transit schedules,
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facilitating the widespread analysis of transit accessibility in both the United States and
globally [48].

Recognizing the limitations of static data in dynamic transit environments, GTFS-
realtime (GTFS-RT) was developed alongside advances in automatic vehicle location (AVL)
technology. GTFS-RT provides real-time updates on vehicle locations, projected arrival
times, and stop schedules, significantly enhancing the accuracy and reliability of transit
apps. More recently, GTFS-RT has included data on vehicle occupancy, an increasingly
relevant feature for managing capacity during pandemics and other public health crises.

Today, GTFS standards are maintained and expanded by MobilityData, a nonprofit
organization based in Montreal. MobilityData collaborates with key stakeholders, including
state governments, leading tech companies, and transit agencies, to ensure the continued
relevance and usability of the standards [49]. Data compliant with GTFS are often provided
by local transit agencies and have even been retroactively applied to historical datasets for
studying transit system evolution [50].

Despite its successes, GTFS faces challenges in regions reliant on informal transit
services, such as dollar vans, jitneys, and other non-scheduled transport modes common in
developing countries. These services often lack documentation or fixed schedules, compli-
cating efforts at standardization [51,52]. However, organizations like WhereIsMyTransport
are working to adapt GTFS for informal transit networks, thereby improving accessibility
and operational analysis in emerging markets [53].

Proposals to further expand GTFS include GTFS-ride for standardizing ridership data
and the General On-demand Feed Specification (GOFS) for on-demand transit services.
Such expansions underscore GTFS’s flexibility and its potential to adapt to new challenges
within the transit sector.

In comparison, more complex standards like NeTEx in Europe and TransXChange
in the UK have seen limited adoption, likely due to their greater complexity and re-
gional specificity.

The success of GTFS not only enhanced transit accessibility and efficiency but also
demonstrated the potential of well-designed standards to address evolving challenges in
the transport system. Its adaptability and widespread adoption highlight its critical role in
modernizing transit services globally.

7.2.2. Bikesharing—GBFS (Experience)

The digitally enabled New Mobility—including car-sharing, bikesharing, shared mi-
cromobility (electric bikes and scooters), ridehailing, and related services that expanded
rapidly during the 2010s—has prompted new thinking about standards.

Some shared bike and scooter companies have made their data available to gov-
ernment agencies and researchers. Standardizing these data has significant value, as it
reduces the number of tools needed for analysis, minimizes the time spent processing data,
and decreases errors associated with inconsistent definitions.

The real-time General Bikeshare Feed Specification (GBFS), modeled on GTFS, exem-
plifies this shift toward standardization. First drafted in 2014 by Mitch Vars of Minnesota’s
NiceRide bikesharing system and adopted by the North American Bikeshare Association
(NABSA) in 2015, GBFS was quickly embraced by vendors and is now used by more than
450 operators. It includes data on bike and station locations, bike and dock availability,
station status, and business rules. The standard, maintained by MobilityData on behalf
of NABSA, has been updated to accommodate stationless bikes. Its applications range
from trip planning and mapping to geofencing solutions for ensuring bikes are stored in
regulated areas. GBFS also supports integration with maps and may facilitate various
Mobility-as-a-Service (MaaS) applications.

GBFS illustrates how standards like GTFS can inspire further innovation, enabling
incremental advancements. Extensions to GBFS, such as support for virtual stations and
other geofencing applications, demonstrate its flexibility in adapting to emerging needs
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and technologies. By fostering compatibility across platforms, GBFS plays a critical role in
optimizing new mobility systems for users, operators, and policymakers alike.

7.3. Emerging Standards

Building on the model established by GTFS, new standards are emerging across
various sectors of urban mobility. These standards aim to enhance efficiency, improve data
interoperability, and address the unique challenges of modern transport modes. This section
explores proposed standards for micromobility and ridehailing data (MDS) (Section 7.3.1),
curbs (Section 7.3.2), parking (Section 7.3.3), and traffic signal status (Section 7.3.4).

7.3.1. Micromobility and Ridehailing—MDS

The City of Los Angeles pioneered the Mobility Data Specification (MDS) to manage
the rapidly expanding field of micromobility, including shared bikes and scooters, and later
extended it to encompass ridehailing vehicles. MDS aims to create a “digital twin” of urban
mobility, accurately reflecting the real-time spatial and temporal distribution of vehicles
and users [54,55].

Initially focused on micromobility, MDS was quickly adapted to address ridehailing
vehicles, targeting challenges such as zero-occupancy vehicles roaming urban streets. Its
development was driven by the need to regulate new mobility services effectively and
prevent issues like improperly parked scooters and bikes, which have been observed
to obstruct pathways, create clutter, and invite vandalism, as seen with shared bikes in
Sydney [43]. Today, MDS is managed by the Open Mobility Foundation, with governance
contributions from multiple cities [55].

Despite its potential benefits, MDS has raised significant privacy concerns. Track-
ing detailed user movements conflicts with privacy rights and freedom of movement,
with critics warning that such surveillance could be misused for discriminatory practices
or excessive government control. These concerns echo historical precedents where mobility
data were exploited to oppress certain groups [56].

Webb [57] highlights the need for caution in implementing MDS, emphasizing a bal-
ance between regulatory convenience and individual privacy rights. In response, updates to
MDS have incorporated enhanced privacy protections, though debates over their adequacy
persist [58].

The conversation around MDS also involves significant opposition from stakeholders
like Uber, which has contested broad data-sharing requirements through legal challenges
and advocacy, citing rider privacy protection as a primary concern [59,60]. These ongoing
disputes underscore the struggle between protecting individual rights and delivering
societal benefits, reflecting the broader tension in modern urban mobility governance.

7.3.2. Curb Standards

The curb, often overlooked but a critical component of urban infrastructure, plays a
pivotal role in managing public right-of-way interactions. It serves as the boundary between
road surfaces and pedestrian spaces, and despite its understated presence, the management
of curb space can spark intense local government debates. These discussions typically
revolve around parking regulations and the allocation of curb real estate for various uses,
such as bike lanes or bus lanes, underscoring its significance in urban planning.

Curb standards are essential for regulating curbside uses, including on-street parking,
loading zones, and bus stops. While local municipalities have traditionally handled these
regulations, there is growing interest in dynamic approaches to curb management. Dynamic
loading and unloading permits, for instance, could allow cities to adapt to the growing
demand for ridehailing services while potentially increasing municipal revenues.

The adoption of standardized curb management practices offers clear benefits, compara-
ble to those observed with the Manual on Uniform Traffic Control Devices (MUTCD). Established
in the 1920s, the MUTCD standardized traffic signs across the United States, ensuring drivers
universally understood road signs and reducing confusion and accidents [61,62]. Similarly,
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standardizing curb data could streamline software development, enhance efficiency, and re-
duce the need for municipalities to develop bespoke solutions for curb management.

Historically, curb regulations have been somewhat ad hoc and disjointed. Parking
regulations, such as “No Parking” signs, are often standardized in documents like the
MUTCD, but their implementation can be complex and difficult to interpret, as illustrated
in Figure 4. Moreover, these regulations frequently lack a strategic long-term vision or
coherence, and comprehensive mapping that illustrates their collective impact across a city
is often absent.

Figure 4. Example of a confusing parking sign, illustrating the complexity of curb regulations.
Source: [63].

The Open Mobility Foundation’s Curb Management Working Group seeks to address
these issues by developing standards that could transform how municipalities manage
and represent curb space data. This initiative aims to create a framework that not only
maps physical signage but also digitizes regulations into a format that is universally
understandable and applicable.

While the emerging standards for curb management promise to transform curb use
and regulation, concerns remain about corporate influence in the standards-setting process.
The risk of corporate capture, where private interests dominate public policy outcomes,
poses a significant challenge. Additionally, competing standards could lead to a fragmented
approach to curb management if not carefully coordinated.

In essence, the development of curb standards is not just a technical endeavor but a
complex negotiation involving technical, political, and corporate interests, all of which will
shape the future of urban mobility.

7.3.3. Parking

While on-street parking data are closely linked to curb data, a truly comprehensive
parking data system must also encompass off-street parking to effectively serve both
consumers and communities. Such a system should include information on parking price,
availability, and utilization across various types of parking facilities.

Historically, some cities with municipal parking structures have successfully integrated
these data. For instance, variable message signs in cities like St. Paul, Minnesota, have
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displayed parking availability in major ramps, informing commuters, shoppers, and event-
goers of available spaces and reducing the time spent searching for parking.

Park-and-ride facilities, part of the urban landscape since the 1930s, allow travelers
to park in designated lots and connect with bus or rail services. Initially informal, these
facilities were formalized in cities like Detroit in the 1930s and expanded during events such
as the 1939 World’s Fair by the Long Island Railroad, demonstrating their long-standing
role in supporting public transport [64,65].

Despite these advances, a standardized approach to representing parking data across
multiple cities remains elusive. This challenge is particularly pronounced in environments
where private entities control parking supplies, as occupancy data are often considered
commercially sensitive. Platforms like SpotHero and Parkopedia provide visibility in prices,
while apps such as Passport Labs and ParkMobile enable payment management. However,
these systems lack standardization, resulting in a proliferation of proprietary solutions [66].

The Alliance for Parking Data Standards (APDS) is working to address these issues
by promoting an open parking data standard similar to GTFS for transit. This initiative,
supported by the UK Department for Transport and other stakeholders, seeks to integrate
both on-street and off-street parking data. It also redefines curbs as a unique parking asset
rather than merely another part of the roadway [67].

Specialized parking needs, such as overnight truck parking at rest areas, underscore
the importance of comprehensive data coverage. Apps like Trucker Path source parking
data from regional systems like Florida DOT’s TPAS and MAASTO’s TPIMS, but gaps in
data coverage remain. Standardizing this information could improve safety by reducing
the need for truckers to drive tired in search of parking, a critical issue given the limited
availability of overnight spaces [64].

However, developing a standardized approach to parking data faces numerous chal-
lenges. These include the cost of data collection, competitive pressures between private
operators, and privacy concerns. Additionally, states may hesitate to impose fees on rest
areas, fearing they could discourage necessary rest breaks for drivers. Balancing data
availability, privacy, affordability, and adoption remains a persistent hurdle in achiev-
ing comprehensive parking data standards. Even if standards are promulgated, their
adoption is not guaranteed, underscoring the complexity of standardizing parking in a
fragmented sector.

7.3.4. Traffic Signals

Urban pedestrians typically spend 20% to 30% of their walking time waiting at inter-
sections, which not only reduces efficiency but also increases exposure to pollution.

Consider the potential of a wearable device application, named Green Pace, which
uses haptic feedback to synchronize a pedestrian’s walking speed with traffic signals. This
device would adjust its feedback to encourage speeding up or slowing down based on real-
time signal changes, aiming to ensure that the pedestrian reaches the Walk signal at each
intersection. Such technology could significantly reduce waiting time, alleviate sidewalk
crowding, and minimize exposure to pollutants at intersections. While watches with haptic
feedback are already commercially available, the lack of real-time traffic signal data with
accurate phase changes and schedules hinders the development of such applications. This
issue is further complicated by the adaptive nature of many modern traffic signals.

Despite the relative simplicity of traffic signals, the integration of their operational data
into user-friendly technologies like Green Pace remains a significant challenge. The traffic
signal sector has struggled to standardize its data, limiting the development of applications
that could enhance pedestrian mobility and efficiency.

In the late 1990s, US-based organizations including NEMA, ITE, and AASHTO,
in collaboration with signal manufacturers, established the National Transport Commu-
nications for ITS Protocols (NTCIP). The goal was to create a standardized communica-
tion protocol ensuring interoperability between traffic control equipment from various
manufacturers [68]. While this initiative aimed to prevent technological lock-in and pro-
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mote equipment compatibility, rapid technological advances led to the development of
manufacturer-specific management information bases (MIBs), which are not interoperable.

Efforts like the #FreeTheMIBS campaign have since emerged to address these issues,
advocating for open and compatible standards [69]. However, challenges remain, including
the need for widespread adoption and updating of traffic signal control units to reflect
new standards.

The potential use of traffic signal data for applications like Green Pace could greatly
enhance urban mobility by reducing the time vehicles and pedestrians spend idling at
intersections, thereby decreasing fuel consumption and emissions. However, the large-
scale deployment of such technologies remains limited. For example, the Audi Green
Light Optimized Speed Advisory (GLOSA) system is operational at only a few thousand
intersections [70,71].

Additionally, broader issues such as data privacy, equitable access to technology,
and the potential monetization of traffic signal data pose further hurdles to the universal
implementation of these innovations. As the sector evolves, the development of open
standards that can adapt to technological advances while addressing these concerns will be
crucial for the future of urban transport networks.

7.4. Missing Standards

This section discusses various domains within urban and transport planning that still
lack comprehensive standards. These include street cross-sections (Section 7.4.1), traffic
count and speed data (Section 7.4.2), and real-time toll and pricing data (Section 7.4.3).

7.4.1. Cross-Sections

Despite some municipalities providing open public data on street cross-sections,
detailed descriptions of lane widths, markings, medians, footpaths, and verges are typically
absent in resources like OpenStreetMap. A standardized representation of these elements
would not only facilitate planning and engineering but could also regulate more precise
vehicle movements, particularly in a future dominated by autonomous vehicles.

7.4.2. Traffic Count and Speed Data

Accurate and comprehensive traffic data, including vehicle counts, turning move-
ments, speeds, and precise vehicle locations, are essential for effective traffic management,
urban planning, and the integration of modern navigation systems. However, the collec-
tion and standardization of such data remain inconsistent across different regions and
road types.

In California, the Performance Measurement System (PeMS) serves as a robust plat-
form for collecting and analyzing traffic data. Developed by the California Department
of Transportation (Caltrans), PeMS aggregates data from approximately 40,000 sensors
installed across the state’s freeway network. These sensors provide real-time and historical
data on traffic flow, speed, and occupancy, enabling the detailed performance analysis
of the freeway system. PeMS integrates various data sources, including traffic detectors,
incidents, lane closures, toll tags, vehicle classifications, weight-in-motion measurements,
and roadway inventory [72].

Similarly, Minnesota’s Department of Transportation (MnDOT) uses the Intelligent
Roadway Information System (IRIS) to monitor and manage traffic on the state’s freeway
system. IRIS is an open-source Advanced Traffic Management System (ATMS) that collects
real-time data from detectors placed along highways to measure traffic volume and speed.
These data are archived and made available to the public through tools like DataExtract
and DataPlot, which allow users to extract and graph detector data for analysis [73].

Despite the effectiveness of systems like PeMS and IRIS, a standardized data format
across different traffic organizations is lacking. This inconsistency complicates data inte-
gration and tool development, limiting the utility of traffic data for broader applications.
Standardizing traffic data formats would facilitate more efficient data sharing and analy-
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sis, enhancing the effectiveness of traffic management strategies and the development of
navigation systems that rely on such data.

While PeMS and IRIS provide valuable data for freeway systems, comprehensive
coverage across all road segments, including arterial roads and local streets, is still lacking.
Expanding data collection efforts to encompass these areas is crucial for a holistic under-
standing of traffic patterns and for implementing effective traffic management solutions
across entire urban networks.

The development and implementation of standardized traffic data collection and
reporting systems are essential for improving traffic management and urban planning.
Leveraging existing systems like PeMS and IRIS as models, efforts should be made to
establish comprehensive, standardized traffic data systems that cover all road types and
regions, facilitating better integration with modern navigation technologies and enhancing
overall transportation efficiency.

7.4.3. Real-Time Tolls and Road Prices

While systems like E-ZPass in the northeastern United States demonstrate some level of
standardization in electronic toll collection, significant gaps remain in toll interoperability
both nationally and internationally. For example, an E-ZPass tag is incompatible with
California’s FasTrak system, illustrating the lack of a unified standard across regions. This
issue extends to fare collection in public transport, where separate fare media are often
required for different systems. However, progress is being made toward compatibility
with generic payment methods like credit and debit cards, which simplify fare transactions
for users.

Discovering the actual toll costs for a specific route also remains a challenge. While
mapping services may indicate the presence of tolls on a route, they do not systematically
provide specific cost information. Each toll-operating entity typically maintains its pricing
independently, without a standardized method for dissemination. This inconsistency com-
plicates travel planning, as users must rely on fragmented sources for pricing information.

The absence of a unified data feed for toll pricing not only limits transparency but
also represents a missed opportunity to enhance travel efficiency. A standardized toll
data system would enable real-time access to pricing information, allowing travelers
to make informed route decisions and transportation planners to optimize traffic flow.
Addressing these gaps in toll interoperability and pricing data would mirror broader efforts
in transport data standardization, with the potential to reduce real-world costs and improve
system efficiency.

7.5. Is Standardization the Enemy of Innovation?

Standards have long been integral to transforming transport and expediting the deliv-
ery of new mobility services such as electrification and automation. They are foundational
across various industries, not just transport, helping to lower deployment costs and stream-
line design processes. Standards enable mass production, reducing costs not only for the
final product but throughout the engineering process. Imagine if every engineer had to
rediscover the principles of physics and mathematics independently—progress thrives on
building upon the foundations laid by predecessors, adapting their achievements rather
than starting anew.

In transport engineering, numerous standardizing documents centralize decision-
making beyond individual engineers, incorporating collective wisdom codified in hand-
books and standards. Prominent standardizing organizations in the United States include

• TRB—Transportation Research Board

– Highway Capacity Manual, updated across decades

• AASHTO—American Association of State Highway and Transportation Officials

– Policies and standards for rural highways and urban streets

• ITE—Institute of Transportation Engineers
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– Manuals like Trip Generation and Parking Generation

• FHWA—Federal Highway Administration

– Manual on Uniform Traffic Control Devices (MUTCD), published in multiple
editions

• NACTO—National Association of City Transportation Officials

– Guides for street, bikeway, and transit street design

• CoTAM—Committee of the Transport Access Manual

– Transport Access Manual (2020)

These standards form the backbone of public policy and are widely respected in
academia and practice. However, they are not without critique. For instance, the Trip
Generation manual has faced significant scrutiny for its applicability, while the NACTO
guides offer a critique of AASHTO’s traditional approaches, advocating for more tailored
solutions in urban contexts.

The emphasis on standardization has transformed many transport professionals into
technicians who apply standard manuals rather than innovate from first principles. This
necessary stage of mass production excludes the freedom for the levels of individual genius
seen in the 19th century with figures like Isambard Kingdom Brunel. While Brunel’s
innovative but non-standard railway gauge was groundbreaking, its lack of compatibility
with other systems had costly implications.

Standardization, while essential, can stifle creativity and innovation by removing
degrees of freedom and solidifying rules that may become outdated. For example, road
designs accommodating the variability of human drivers may be unnecessarily wide for
autonomous vehicles, leading to inefficient space use and increased environmental impacts.

As transport technologies evolve, it is crucial to adapt and refine standards to keep
pace with innovation. Governments play a pivotal role in this process by adopting and
promoting open standards for information interchange, benefiting all stakeholders—users,
providers, and regulators alike. Negotiating and updating these standards through consen-
sus ensures that the balance between innovation and the established benefits of standard-
ization is maintained.

8. Discussion and Conclusions

In today’s global economy, the seamless and efficient flow of information—both
inter-institutionally (I2I) and between institutions and people (I2P and P2I)—is crucial for
achieving the four Es: efficiency, equity, reduced negative externalities, and enhanced user
experience. Information must flow as freely and efficiently as the people and goods in
transport systems, with each disruption or inefficiency requiring users to expend additional
effort to navigate from point A to point B.

Modern society comprises various institutions, including governmental bodies, corpo-
rations, and standards organizations. These institutions often operate semi-independently,
following distinct trajectories that occasionally intersect through shared goals or regulatory
requirements. This decentralized structure fosters resilience, ensuring that a single point of
failure does not cascade into widespread detrimental effects.

However, institutions are not isolated entities. They depend on each other for essential
inputs, particularly information. Ideally, information transfer would be complete, accurate,
real-time, and high-resolution. Yet, achieving this ideal is challenged by technological
limitations, privacy concerns, and institutional inertia.
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Lessons Learned: Our exploration of standards in transport—spanning successful,
failed, and emerging standards—yields several key insights:

• Standards facilitate efficient information exchange between institutions, en-
abling the emergence of new entities within the information ecosystem.

• Standardized data allow the development of applications that leverage this
information to provide enhanced services, reducing the need for repeated data
processing adaptations.

• Openness must accompany standardization; data should be freely accessible to
maximize societal benefit, characterized as both gratis (free of charge) and libre
(free to use creatively).

• Standards require champions and are most effective when they evolve from
industry-led, bottom-up initiatives.

• Standards are dynamic and require ongoing revision and adaptation to remain
relevant and effective.

• Establishing and maintaining standards requires a long-term commitment,
often beyond the typical scope of individual organizations.

Despite the evident benefits, implementing standards is not straightforward. The con-
trast between the bottom-up success of the General Transit Feed Specification (GTFS) and
the top-down failure of the National ITS Architecture underscores the importance of how
standards are developed. Additionally, the patchy standardization in areas like traffic data
highlights persistent gaps in transport information systems.

We must consider which other domains could benefit from a “GTFS” approach. How
do we foster such initiatives? What current efforts show promise, and why have standards
not been established in other areas? Successful standards function as platforms, facili-
tating transactions in two-sided markets by offering clear advantages to both data users
and providers.

While private companies often prioritize short-term financial returns, governments
are ideally positioned to mediate the establishment of standards. However, public entities
are also constrained by election cycles and may lack the long-term focus necessary for
standard development.

Standards, particularly those facilitating information sharing like GTFS, not only
improve current systems but also enable future innovations. For emerging economies,
adopting existing standards offers the opportunity to leapfrog developmental stages, avoid-
ing inefficiencies that more developed countries had to endure.

Ultimately, standards create a framework that supports continuous improvement
and adaptation to new technologies and challenges. They are living entities within the
technological ecosystem, requiring ongoing care, revision, and advocacy to remain relevant
and beneficial.
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